Background
Methods
A discrete event simulation model was developed that focused on a Canadian permanent resident cohort after arrival in Canada, utilizing a ten-year time horizon, healthcare system perspective, and 1.5% discount rate. Latent tuberculosis infection interventions were evaluated in the population under surveillance (N = 6100) and the total cohort (N = 260,600). In all evaluations, six different screening and treatment combinations were compared to the base case of tuberculin skin test screening followed by isoniazid treatment only in the population under surveillance. Quality adjusted life years, incident tuberculosis cases, and costs were recorded for each intervention and incremental cost-effectiveness ratios were calculated in relation to the base case.
Results
In the population under surveillance (N = 6100), using an interferon-gamma release assay followed by rifampin was dominant compared to the base case, preventing 4.90 cases of tuberculosis, a 4.9% reduction, adding 4.0 quality adjusted life years, and saving $353,013 over the ensuing ten-years. Latent tuberculosis infection screening in the total population (N = 260,600) was not cost-effective when compared to the base case, however could potentially prevent 21 
Conclusions
Screening new migrants under surveillance with an interferon-gamma release assay and treating with rifampin is cost saving, but will not significantly impact TB incidence. Universal latent tuberculosis infection screening and treatment is cost-prohibitive. Research into using risk factors to target screening post-landing may provide alternate solutions.
Background
In Canada, over two-thirds of all active tuberculosis (TB) cases occur in migrants [1] [2] [3] . Current pre-immigration TB screening protocols are mandatory for permanent residents and select temporary residents; screening consists of a medical history, chest x-ray (CXR) and sputum tests to rule out active TB. Migrants diagnosed with active TB must complete an adequate course of therapy before migrating to Canada. Meanwhile, those with a medical history or CXR suggestive of prior TB are flagged for post-landing surveillance-approximately 2% [4] . The follow-up system is passive, with adherence to post-landing surveillance reported to be between 60 to 70% [1, 4] . The post-landing surveillance system is successful in identifying people at risk for active TB after arrival; in Ontario one-third of all active TB in the first two years post-migration occurred in those flagged for surveillance. However, genotypic studies estimate that approximately 85% of all TB cases in migrants are due to reactivation of latent TB infection (LTBI) acquired prior to migration [5] [6] [7] . In those with LTBI, approximately 5-10% will progress to active TB over their lifetime, but effective treatment can reduce risk of progression by over 90% [8] . Despite this, it is unknown how many migrants flagged for surveillance are screened for LTBI and for the remaining 98% not flagged, there is no routine LTBI screening protocol, leaving a large group of migrants at risk for active TB and a missed opportunity for TB prevention [4] . Implementation of a LTBI screening system, however, would have to overcome inefficiencies in the LTBI cascade of care. In this context, the cascade of care consists of placing a screening test, evaluating the result, performing a medical evaluation, initiating and completing treatment. At the present, high rates of dropout during screening and treatment result in <20% of those who may benefit from treatment actually completing it [9] .
Evidence-based screening and treatment recommendations in new migrants need to support TB elimination efforts in Canada. Implementation of pre-or post-landing LTBI screening protocols have been suggested [1, [10] [11] [12] , but no system or policy is in place to execute any of these possible solutions. In this study we aim to provide evidence surrounding possible implementation of post-landing LTBI screening. We developed a model to determine the cost and prevalence of LTBI and imported active TB in recent migrants. These estimates were then applied to view the impact LTBI screening post-landing would have on TB incidence in subgroups of a cohort of new migrants to Canada.
Immigration, Refugees and Citizenship Canada [13] , and Bacillus Calmette-Guérin (BCG) vaccination status, based on countries with a current national vaccination policy for all, which was derived from the BCG World Atlas [14] and adjusted based on 36-year average reported immunization rates [15] . To determine the prevalence of LTBI and imported (non-preventable) TB in this population, an optimization scheme was developed. Two-year TB incidence rates in new permanent resident cohorts to Ontario between 2002 and 2011 [4] , stratified by TB incidence in country of origin (low <30 cases per 100,000 population, moderate 30-99 cases, high 100-199 cases, and very high !200 cases) and surveillance flag were used as optimization targets. Several assumptions were made. Firstly, we assumed 85% of TB cases in those not flagged for surveillance were due to reactivation of LTBI [5] [6] [7] and that the rate of reactivation was constant over time [16] . Second, those flagged for surveillance had a reactivation risk 3.9 times higher than those not flagged for surveillance, selected based on TB risks from a long-term study in Britain [17] . Finally, it was assumed that LTBI prevalence in those under surveillance was higher than those who were not. To optimize to the targets, the baseline average reactivation rate was varied between 0.8 and 1.6 reactivation TB cases per 1000 personyears [18] [19] [20] [21] and the proportion of TB cases in those flagged for surveillance that were imported was varied between 55% and 85% [16, 22] . After optimizing these parameters to our targets, these estimates were applied proportionally to the demographic profile of the 2014 permanent resident cohort. Results of the optimization and more detailed optimization rationale and methods are outlined in S1 Text, S1 and S2 Tables.
Discrete event simulation model
A discrete event simulation (DES) model was developed in Simio and run using Simio Replication Runner (Version 8.146.14121, Simio LLC, Sewickley, PA). DES was chosen as it allowed for variable cycle times, simultaneous events to occur to each migrant, and enabled creating many parameters describing each patient (a Markov model would have too many states to accommodate the same level of granularity). The model's time horizon was 10 years from arrival to Canada to minimize extrapolation from optimization targets. The model took a healthcare system perspective and used a discount rate of 1.5% for costs and outcomes as recommended by the Canadian Agency for Drugs and Technologies in Health [23] . The model's main outcomes were cost per quality adjusted life year (QALY) gained and cost per TB case prevented. A willingness-to-pay (WTP) threshold of $100,000 CAD per QALY [24] [25] [26] [27] or $20,000 CAD per TB case prevented (i.e. approximately the average cost of managing one TB case) was used to determine if an intervention was cost-effective. Several assumptions were made in the model. Firstly, it was not possible to self-heal from LTBI without treatment. Secondly, multi-drug resistant TB was not considered due to extremely low incidence in Canada and difficulty in accurately costing cases. Finally, direct transmission between migrants in the cohort or to the general population was not modeled, rather we accounted indirectly for this through a certain proportion being remotely infected during the simulation.
The model structure is outlined in Figs 1 and 2 . Upon arrival, simulated migrants may import tuberculosis, be flagged for post-landing TB surveillance based on pre-immigration screening, or not be flagged for surveillance at all; those flagged for surveillance may or may not adhere. Migrants adhering are given an LTBI screening test and those completing the test that are positive are all referred and given a medical evaluation (to rule out active TB). Migrants completing the medical evaluation are offered LTBI treatment and should they initiate treatment are simulated to either default at some point during treatment, discontinue due to an adverse event, die due to fatal hepatotoxicity, or fully complete treatment. All migrants, regardless of their simulation pathway, are then simulated to the model's time horizon, with an annual risk of developing TB or dying of background mortality. Upon development of TB, a chance of a remote TB case occurring was simulated to account for the proportion of TB cases in migrants not occurring due to reactivation (S1 Formula). Those who develop TB and complete treatment are at risk of experiencing TB relapse for the subsequent two years.
Model characteristics
Input parameters. Published reports and expert opinion were used to estimate input parameters for the model. Where possible, systematic reviews were used to derive model estimates; in cases where this was not possible, estimates from the literature were used. Background mortality was derived from Canadian life tables [28] . LTBI diagnostic test sensitivity was derived from each test's ability to detect prevalent TB (i.e. a surrogate measure) [29] , while test specificity was derived in populations at very low risk of infection [30, 31] and stratified by BCG vaccination status [14, 15] . TB reactivation rate was carefully chosen from data from a variety of studies [7, [18] [19] [20] [21] [32] [33] [34] [35] . A rate of 1.1 per 1000 person years in individuals with LTBI Post-landing LTBI screening in migrants to Canada was selected as it results in a cumulative incidence of TB of 5% over approximately 45 years and provides reasonable estimates of LTBI prevalence based on a meta-analysis of IGRA positivity in migrants [36] . Transition between all health states was modeled annually, except in the case of transition from adverse events or from TB to a subsequent health state, which had varying transition times. Table 1 lists all model estimates.
Costs. Costs for LTBI screening and treatment were derived from the British Columbia Centre for Disease Control (BCCDC) in 2014 (personal communication), and included the costs of tests, drugs, clinician time, and routine monitoring. Adverse event and hospitalization costs during LTBI and TB treatment were determined from the literature [37, 40] . The average cost for each TB case, which includes diagnosis, treatment, contact investigation, and adverse events, was estimated from a Canadian report and cost-effectiveness analysis [37, 39] . All model costs were inflated to 2016 Canadian dollars ($) using purchasing power parity and are listed in Table 1 . Post-landing LTBI screening in migrants to Canada 
Interventions
Several LTBI screening and treatment interventions available in Canada were evaluated, assuming that at each step all migrants evaluated were offered an intervention (i.e. clinician discretion in offering screening and/or treatment was not simulated and no actual data exist on how often LTBI screening is given). LTBI screening interventions included: (1) tuberculin skin test (TST), a test that requires a follow-up visit to be read and uses !10mm cut-point for a positive result; (2) interferon-gamma release assay (IGRA), a test that may generate indeterminate results and uses the manufacturer's recommendation for a positive result and; (3) sequential screening (SEQ), a two-stage approach where those who test positive with a TST are tested with an IGRA-both tests must be positive for the patient to be considered to have LTBI [55, 56] .
Subsequently, test positive migrants who completed the medical evaluation and initiated treatment were offered one of two LTBI interventions available in Canada: (1) nine-months of isoniazid, which reduces risk of future TB by 93% and; (2) four-months of rifampin, a shorter regimen with higher completion rates, but uncertain efficacy. In general, only those flagged and adhering with post-landing surveillance are offered LTBI interventions upon arrival and Canadian guidelines recommend screening with a TST and subsequent treatment with isoniazid [1] . Thus, LTBI screening with a TST and treatment with isoniazid in the migrant population under surveillance was considered our base case in all cost-effectiveness analyses. A comprehensive table of interventions is located in S3 Table. Cost-effectiveness analyses Improving the post-landing surveillance system. In this evaluation, the analysis focused solely on the 2.4% of new migrants normally flagged for post-landing surveillance (N = 6100), as a system is already in place where LTBI interventions can be easily implemented. In the primary analysis, interventions were compared to the base case under real world care conditions. The total number of discounted TB cases (including imported TB cases), costs, and QALYs were calculated for each intervention. The incremental cost-effectiveness ratio (ICER) was calculated for each intervention compared to the base case.
A secondary analysis was performed to determine if improving the cascade of care would be valuable. In this analysis, improving to surveillance adherence to 100%, improving LTBI treatment completion by 30%, and achieving both, was modeled. Based on our WTP threshold ($100,000 per QALY gained), the maximum cost that could be afforded to the healthcare system to implement these improvements was calculated using net monetary benefit (NMB).
Implementation of mass post-landing LTBI screening. In this evaluation, the entire 2014 entry cohort is included (N = 260,600). Post-landing LTBI screening was evaluated through step-wise expansion of the post-landing surveillance system based on TB incidence in country of origin (i.e. screen migrants from very high TB incidence countries, screen migrants from countries of high TB incidence or greater, screen migrants from countries of moderate TB incidence or greater, screen all migrants). We modeled this intervention under the assumption that it was implemented as a supplement to the current post-landing surveillance system, therefore, even if migrants were not subject to mass post-landing screening, they could still be flagged for post-landing surveillance. Each intervention was compared to the base case. Adherence with post-landing screening was assumed to be the same as in migrants flagged for surveillance (60.5%). Discounted costs, QALYs, and TB cases (including imported TB cases) were compared to the base case.
Sensitivity analysis
Uncertainty around model variables was examined using univariate sensitivity analysis and probabilistic sensitivity analysis (PSA). Ranges examined for both univariate and PSA can be found in Table 1 . All sensitivity analyses were run for !2000 iterations. Results of univariate sensitivity analysis were reported as NMB of the most cost-effective option in our first primary analysis ("Improving the Post-Landing Surveillance System") compared to the base case. A PSA was performed for each primary analysis to evaluate parameter uncertainty. When model variables came from the literature, relevant distributions were used (e.g. log-normal, beta). Most costs were modeled using relevant triangular distributions due to lack of individual data. In the case of LTBI treatment, extreme costs commonly seen in treatment due to adverse events were accounted for by modeling these separately. In the case of TB treatment, expert opinion was used to develop a relevant gamma distribution. Particular health states were correlated to prevent implausible values during PSA (i.e. patients with active TB will always have a lower utility value than healthy patients). Using the average results of our PSA, efficiency frontiers comparing interventions based on costs and QALYs were developed. Cost-effectiveness acceptability curves were developed based on the probability an intervention provided the most NMB over the !2000 iterations run in comparison to the base case. The expected value of perfect information (EVPI) was calculated using the !2000 iterations (second-order uncertainty) as our outer sample size and the size of the population evaluated as our inner sample size (first-order uncertainty).
Results

Improving the post-landing surveillance system
In the base case scenario, the migrant population under post-landing surveillance (N = 6100) experience, on average, 99.41 cases of TB, incur $3.1 million in costs, and accrue 45,026 QALYs over ten-years (Table 2) . Screening with an IGRA and treating with rifampin was dominant in comparison, preventing 4.90 TB cases (a 4.9% reduction), adding 4.0 QALYs, and saving $353,013. While treating with isoniazid was also dominant, preventing more TB cases (6.71) and adding more QALYs (4.8), it only provided an incremental NMB of $676,330 compared to the incremental NMB provided by rifampin treatment of $753,658, making rifampin the preferred treatment.
A NMB of $1,098,510 resulted from improving treatment completion by 30% and $1,557,078 resulted when ensuring 100% adherence with surveillance when screening with an IGRA and treating with rifampin. If both of these improvements could be achieved, a NMB of $2,068,246 resulted. While investing in improving post-landing adherence added more QALYs and prevented more TB cases, the added costs of screening and treatment limit the proportional NMB of such an intervention (Table 3) .
Implementation of mass post-landing LTBI screening
The most effective intervention to implement for post-landing LTBI screening of every new permanent resident to reduce TB cases was to screen with an IGRA and treat with isoniazid, preventing 125.99 TB cases (a 21.8% reduction) at a cost of $169,986 per TB case prevented; screening with an IGRA and treating with rifampin added the most QALYs, with an additional 78.3 QALYs at a cost of $207,328 per QALY gained. The most cost-effective intervention, was to limit post-landing LTBI screening to every new migrant from countries with a TB incidence !30 per 100,000 and screen with an IGRA, followed by treatment with rifampin, which had a cost per TB case prevented of $114,840 and $138,484 per QALY gained (Table 4) .
Sensitivity analysis
In univariate sensitivity analysis the base case intervention was compared to IGRA followed by rifampin, in migrants under surveillance. Extending the time horizon had the most significant impact in favor of IGRA followed by rifampin, as the incremental NMB increased by over $1.2 million if extended to 50 years. Reducing the effectiveness of a full course of rifampin to 50% had the most significant impact against IGRA followed by rifampin, reducing the incremental NMB by over $600,000. The decision to favor IGRA screening followed by rifampin treatment over the base case, however, was very robust as no single parameter change resulted in the base case having a higher NMB. Further univariate sensitivity analysis results can be found in S2 Text, S4 Table and S1 Fig. In PSA of our primary analysis of migrants under surveillance, screening with an IGRA followed by rifampin treatment was the dominant option, resulting in the lowest cost, minimizing TB cases and maximizing QALYs. Screening sequentially or with a TST did not fall on the frontier (Fig 3) . Due to the base case being the most expensive option, probabilities of interventions being cost-effective fell as WTP thresholds increased. Use of IGRA followed by rifampin had a probability of being cost-effective of 64.9% at a WTP of $100,000 per QALY gained, however increasing the WTP impacted the probability minimally (Fig 4) . It was determined that the choice of IGRA followed by rifampin over the base case resulted in an EVPI of $610,102. In PSA of our analysis in the total migrant cohort, it was found that the base case provided the best value for the least investment. In efficiency frontier analysis, screening with an IGRA followed by treatment with rifampin in all migrants maximized QALYs. No TST screening intervention fell on the frontier (Fig 5) . Use of IGRA followed by rifampin in migrants from countries !30 cases per 100,000, the most cost-effective option in deterministic analysis, had a probability of being cost-effective of 43.3% at a WTP of $100,000 per QALY, however use of sequential screening followed by rifampin in migrants from countries !200 cases per 100,000 had the highest probability of being cost-effective at this threshold of 47.8% (Fig 6) . In EVPI analysis, it was found that the decision to remain using our base case intervention compared to use of an IGRA followed by rifampin in migrants from countries !30 cases per 100,000, resulted in an EVPI of $12,873,338.
Further PSA results focusing on TB cases can be found in S3 Text, S5 and S6 Tables, S2 and  S3 Figs.
Discussion
The current post-landing TB surveillance system is not effective in achieving the desired declines in TB incidence in Canada. To improve LTBI diagnosis and treatment in new migrants flagged for post-landing surveillance, screening with an IGRA followed by rifampin treatment provides an overall lower cost to the healthcare system, with a reduction in TB cases Post-landing LTBI screening in migrants to Canada 
Post-landing LTBI screening in migrants to Canada and an increase in QALYs over a ten-year time horizon. Expanding post-landing LTBI screening and treatment to include all migrants was not cost-effective using any intervention, however had the ability to significantly increase population QALYs and reduce TB cases. Further targeting post-landing LTBI interventions by TB incidence in country of origin significantly improved cost-effectiveness, yet ICERs still remained above WTP thresholds.
In Canada, the current post-landing TB surveillance system was developed to focus on identifying those at highest risk of TB immediately after arrival and was never intended to be a platform where LTBI identification was a priority. Our analysis shows that using this system to screen for LTBI would not significantly impact longitudinal TB cases, even when improving adherence with surveillance and LTBI treatment. In the present system, gaps in the LTBI cascade of care result in <15% of migrants who may benefit from treatment actually completing LTBI therapy [9] . Ensuring 100% adherence to post-landing surveillance and improving completion of therapy by 30%, still less than one-third of migrants would complete LTBI therapy. Our data and others suggest that there is significant room for investment in improving treatment adherence [57] , yet it is evident that filling gaps at each step of the cascade of care is crucial to achieving significant reductions in TB incidence.
Our analysis shows that LTBI screening decisions guided solely by TB incidence in country of origin are not specific enough to be cost-effective-it is clear that further targeted screening will be necessary. It is likely that determining the socioeconomic factors that underlie TB infection in migrant populations will be necessary to cost-effectively target LTBI screening and treatment. A previous analysis [12] examined LTBI screening in people with co-morbidities such as silicosis, renal disease, and diabetes and found this targeting not to be cost-effective. Evaluation in migrant populations where LTBI prevalence is significantly higher may lead to a different conclusion, however.
Previous economic analyses have been performed to assess the cost-effectiveness of mass post-landing screening of new migrants to low-incidence countries, several of which have been highlighted in systematic reviews [58] [59] [60] . In an analysis by Dasgupta et al. [11] , postlanding surveillance was evaluated for its ability to prevent TB cases in new immigrants to Montreal. The analysis found that in this setting, post-landing surveillance prevented 1.9 cases of TB per 1000 new immigrants identified, for an incremental cost of $65,126 per TB disease prevented, slightly different from our results of 2.3 cases prevented per 1000 immigrants identified for post-landing surveillance ($36,837 per TB disease prevented).
Oxlade and colleagues evaluated IGRA and TST screening in new immigrants from varying TB incidence groups [56] and found that CXR at entry was cost-effective in immigrants from intermediate-to-high TB incidence countries, while IGRAs and TSTs were not cost-effective. This is in agreement with our findings, where no screening method was cost-effective in a mass LTBI screening scenario, regardless of TB incidence in country of origin.
An evaluation performed by Khan et al [10] examined mass LTBI interventions in the United States and found it to be net saving. This evaluation, however, assumed no dropout during screening and/or treatment, which would be incredibly difficult to implement in practice. Finally, Linas et al [12] , examined LTBI screening in new migrants and found it to be cost-effective, assuming low rates of dropout in modeled portions of the LTBI cascade of care and different diagnostic test performance in their model.
Our analysis is the first to comprehensively model gaps in the LTBI cascade of care. We have shown that these gaps limit the effectiveness of any mass intervention to target LTBI, with <20% of those who can potentially benefit from LTBI therapy completing a course. This model is also the first to estimate the prevalence of LTBI and migrant TB in new migrant cohorts to Canada based on incident TB, rather than TST reactivity. Further, the use of DES allowed for varying times in different health states for different migrants; this allows for more accurate simulation of real world utility data and the impact each health state has on total quality of life. Our accurate representation of "healthy" utility for new migrants limits our bias of LTBI interventions away from the null, as is seen when healthy utility is assumed to be one [61] . A significant strength of this model was that it was specifically calibrated to Canadian Post-landing LTBI screening in migrants to Canada immigration data and the TB profile of new immigrants to Ontario, which has the ability to effectively inform policy decisions in Canada. Further, these results may be generalizable to other low TB incidence countries that also use CXR to identify new migrants at high-risk for TB and have a similar migrant profile to Canada.
Our study has several limitations. The proportion of remote infections was tied to intervention; in essence, if fewer TB cases occurred due to reactivation, so too did TB cases due to remote transmission, which may not reflect reality where reductions in TB reactivation likely don't exactly match reductions in TB transmission. This model assumes that all migrants reporting to the clinic are offered LTBI screening; which is unlikely. Furthermore, for migrants referred due to a previous diagnosis of TB, LTBI diagnostic tests may not be reliable due to a lasting immune response, however it was not possible to determine from our database how many migrants fell into this category; thus it was unaccounted for in our model although we do not think many individuals would fall into this category and making a real difference in the model results. Moreover, we assumed that dropout at each step of the care cascade is random, which may not reflect reality, as some patients will never be offered therapy due to age, comorbid conditions, or feasibility. Nevertheless, this was a necessary assumption in our model due to the level of evidence available. Finally, this model did not consider co-morbid conditions that may increase risk of TB, however the studies informing our rate of reactivation were derived from diverse populations and should approximate a population-wide reactivation rate.
Future economic analyses of LTBI interventions in migrant populations should focus on varying the timing of screening and/or how to target screening. Research into LTBI screening during pre-immigration medical exams could potentially be highly valuable as a tool for postlanding follow-up. Furthermore, targeting screening post-landing based on a combination of co-morbidities and demographic variables can potentially make strong predictions about future TB risk in individuals.
Conclusion
Screening new migrants flagged for post-landing surveillance with an IGRA followed by treatment with rifampin was dominant compared to the base case of TST followed by isoniazid. Expanding LTBI screening to all new migrants was cost-prohibitive. Future research should investigate the cost-effectiveness of LTBI screening based on socioeconomic factors and comorbid conditions. The frontier is read from left to right, with interventions connected if they fall on the frontier; the x-axis is in the reverse direction for ease of understanding. Interventions subsequent to the initial intervention have an increased cost, but an increased benefit (reduction in TB cases), and represent the next best value at increasing funding thresholds. The slope between two connected interventions represents cost-effectiveness: a steeper slope represents poorer cost-effectiveness between interventions, while a shallow slope represents better cost-effectiveness. Intervention(s) that are extendedly dominated have a higher cost-per TB case prevented and more population TB cases than the subsequent intervention on the frontier and are therefore less efficient. SEQ: Sequential Screening; RIF: rifampin therapy; INH: isoniazid therapy; TST: tuberculin skin test; IGRA: interferon-gamma release assay; TB: tuberculosis. (TIF) S1 Checklist. Consolidated health economic evaluation reporting standards checklist. (PDF)
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